Introduction
The lens is a cellular structure formed from elongated fibre cells aligning into concentric layers that stack together with the organization of a uni-axial crystal 111. Within the fibre cells, where protein turnover is low, protein components are packed together [2-41 with short-range order [S] . The high protein concentration is important both for refraction and transparency. Globular proteins fold compactly into domains with the exclusion of water [6] . The index of refraction of a concentrated protein solution is therefore higher than water, and the short-range correlation in protein positions reduces light scattering, ensuring that the medium is transparent 171. Any mechanism that produces spatial fluctuations in the index of refraction, such as protein aggregation or phase separation, will result in turbidity [XI. Knowledge of the molecular basis of cataract is dependent on an understanding of the forces that control the distribution and spacing of lens proteins.
Although lenses are transparent as a result of uniformity of refractive index on the scale of the wavelength of light, the constituent structural proteins are extremely diverse. All vertebrate lenses comprise members from two superfamilies, a-and /?, y-crystallins. Whereas a-crystallins are derived from two genes ( a A , aB), P,y-crystallins are encoded by at least thirteen genes (PBI, pB2, PB3, . Apart from gene duplication leading to subunit variation, additional diversity is sometimes generated by alternative RNA splicing, alternative translation initiation, co-translational modification and post-translational modifications [ 1 11. Different combinations of a-crystallin subunits and their phosphorylated forms result in polydisperse macromolecular aggregates of molecular mass around 1000 kDa. The y-crystallins are monomeric (20 kDa) whereas the P-crystallins are oligomeric with molecular masses ranging from 45 to 200 kDa.
The variation in size and charge of these folded lens proteins is extensive. The range of potential weak interactions between monomers and aggregates is legion. The need for so many cytoplasmic compo-P A 2 PA3, PA4, YS, yA, yB, y c , yD, YE, Y F ) Abbreviations used: ASI.. argininosuccinate lyase; TL, critical temperature. nents in the lens is probably to inhibit specific selfassociation of compactly folded proteins which would lead to discontinuities in the refractive index.
Although various, the crystallins are very well conserved when compared between species. One view of this structural conservation is that to maintain transparency the surfaces of crystallins are under structural constraints to preserve intermolecular interactions. Recent evidence, however, has shown that many enzymes have been recruited into the lens, in a taxon-restricted way, where they serve a structural role [3, 12, 131. This points to a certain neutrality in crystallin selection, in that the mixture of crystallin components can be varied drastically from one species to another without marked structural adaptation by the interacting partners. These over-expressed, recruited enzymes are either identical to their low-level-housekeeping equivalents in other tissues [ The ancestral requirement of a lens from an aqueous-dwelling species was for refraction. Fish lenses are hard as a result of tight packing of the constituent proteins, whereas the soft accommodating lenses of birds need more water. The common sources of lens proteins for structural work, in order of protein density, are rat, bovine and human 161.
lenses, these being comprised of a-, p-and ycrystallins whereas the more hydrated chick and turkey lenses are made up of a-, /3-and 6-crystallins/ASL. The centre of the rat lens is around 50% by weight of protein whereas it is 20% in the chick lens. High protein concentrations and hence high refractive indices are associated with a high proportion of y-crystallins A-F whereas these proteins are absent in avian lenses which recruit enzymes instead. Human lenses have a high proportion of p-crystallins while the human-ycrystallin-gene family is on its way to extinction [17] . It would appear that different selections of crystallins have evolved to fulfil particular optical requirements. Presumably the packing density is related to crystallin intermolecular interactions.
a-Crystallin and heat shock
The two subunits of a-crystallin are related to the cytoplasmic small heat-shock proteins [ 181; these proteins are localized close to the Golgi complex as large aggregates in non-stressed cells whereas after heat shock they aggregate further forming granules that are tightly associated with mRNA and cytoskeletal filaments [ 19, 201. Although expression of the a A gene is restricted to the lens [21] , a B is synthesized in many other tissues [ 151 and is particularly abundant in cardiac muscle where it has been located in the 2-line [22] . Attention has been drawn to the association of a B with various disease states suggesting that it has retained an ancestral stress-protein function: it accumulates in abnormal, granular inclusions within astrocytes in Alexander's-disease brain [ 161 and scrapie-infected hamster brain [23] and is related in sequence to the surface of the spore coat of Schistosoma mansoni [24] . Recently it has been shown, using mouse NIH 3T3 cells, that modern a B is still a heat-shock protein complete with a functional heat-shock element within the promoter region of the gene [25] and is transiently expressed in Ha-rus and v-mos oncogene-transformed cells [26] .
In the eye lens the a-crystallin subunits associate to form polydisperse populations of heterooligomeric complexes of approximately spherical shape, with a molecular mass of around 850 kDa [27] , and purified aB reassociates to homopolymers of around 400 kDa [28] . Whereas the secondary structure of a-crystallin has been shown to be remarkably heat stable [29] the quaternary structure is extremely heat sensitive [ 301. Unfortunately there are no known related structures on which to model the tertiary structure of the acrystallin subunits, nor is there any firm evidence for their quaternary arrangement. Two quite different models for the quaternary structure of acrystallin have been proposed. Tardieu and co-workers [3 13 have proposed a three-layer tetrahedral model based on specific contacts between two types of non-equivalent spherical subunits but the model has identical subunits in different environments. Augusteyn & Koretz [ 321 have suggested a micellar model where all subunits are structurally equivalent with no specific contacts between them. Both of these models can account for the imprecise subunit stoichiometry and size polydispersity of a-crystallins that are considered important for preventing long-range interactions.
If the sequences of heat-shock proteins of 27 kDa from human and Chinese hamster are compared with the corresponding regions from a B from human and golden hamster, then a B is more conserved than the heat-shock protein. The long insertion region and the C-terminal region are extremely variable in the small heat-shock proteins. The sequence conservation of a B compared with the heat-shock protein may reflect its dual selection pressure. Conservation of lens a A may reflect its interaction with a B , suggesting that subunit interfaces are specific in the a-crystallin heterooligomer.
y-Crystallin interactions and phase separation
X-ray structures of three members of this family have been solved: yB [33] , yC [34] , yE [35] . Each protein is formed from four consecutive 'Greek key' motifs indicating that the ancestral protein was about 40 amino acids which duplicated first to give a single-domain protein composed of two B-sheets, organized such that a pseudo twofold axis related the two motifs, followed by a further duplication to give a two-domain structure. The N-and Cterminal domains of y-crystallins are organized around a further pseudodyad with hydrophobic side-chains providing the interface stabilization. A feature of the domain-core packing is the presence of sulphurs, particularly as sulphydryl groups, close to aromatic residues, whereas on the surface there are many ion pairs. The compactly folded, highly symmetrical conformation of the protein probably contributes to the stability required of these longlived proteins in the lens. It has been suggested that the N-terminal domain can fold independently of the other domain and is more resistant to denaturation [36] .
Further gene duplication and developmental regulation has led to a different distribution of the
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various closely related members of the y-crystallin family between inner and outer regions of the lens. It has long been known that when young mammalian lenses are cooled the centre of the lens turns opaque. This is owing to a temperature-dependent separation of the cytoplasmic proteins into phases of unequal protein concentration causing light scattering [ 371. Measurement of co-existence curves allows the division of the y-crystallin family into proteins with high or low critical temperatures, T,, for phase separation. Members of the y-crystallin family that are mainly located in the densely packed inner region of the lens are high-T, proteins, indicating that they are largely responsible for cold cataract [38-401. 
B y-Crystallins have conserved interfaces
Sequence comparisons and model building predicted that the oligomeric p-crystallins had a similar structure to y-crystallins but with extensions of sequence at the N-and C-termini. Because of their polydispersity, structural studies on p-crystallins have been performed on dissociated and unfolded polypeptides followed by their reassociation. X-ray analysis of the predominant component, pB2, reassociated to a homodimer, showed that although the two domains of the subunit have very similar structures to those in y-crystallins, the conformation of the connecting peptide is different [42] .
When the N-terminal domain from one subunit of pB2 is superposed onto the N-terminal domain of yB, it can be seen that a major change in conformation occurs at position 86 which is a glutamine in pB2 and glycine in yB (Fig. 1) . Whereas N-and Cterminal domains from the same molecule interact in y-crystallins, the similar interaction in pB2 is between domains from two subunits. This is a most remarkable piece of natural protein engineering that exploits internal crystallin symmetry and results in a dramatic increase in particle size through a different organization of the domains. It shows how oligomers can evolve by conserving an interface rather than connectivity. The pB2 dimer is like two y-crystallin molecules in terms of water accessibility yet linked to each other in a specific conformation (Fig. 2) .
Heterodimers and larger aggregates
Apart from the ability of pB2 to self-associate to homodimers, the unfolded polypeptide can equally reassociate with PB3 to heterodimers and preferentially forms heterodimers with PA4 [43] . Knowledge of the PB2-subunit interface suggests an attractive model for heterodimer structures whereby both subunits of the oligomer have extended connecting peptides. Basic p-crystallin subunits have both N-and C-terminal extensions whereas in acidic p-crystallins the C-terminal arm The two molecules follow a similar course until residue 86 in the connecting peptide (glutamine in p62 and glycine in yB) after which the two molecules differ in conformation so that the two C-terminal domains are in relatively different positions Residues -2 t o 175 of p62 are shown in solid line, and residues I to 174 of yB are in dashed line, the numbering is based on the alignment described previously [42] ass Fig. 2 A stereo picture of the P62 dimer and associated water molecules viewed perpendicular to the twofold axis relating the two subunits
The N-terminal domain of subunit B associates with the C-terminal domain of subunit A and the N-terminal domain of subunit A associates with the C-terminal domain of subunit B so that the complete dimer is similar to two y-crystallin molecules in terms of water accessibility is truncated [9, 101. Although it was originally predicted that these extensions would be involved in stabilizing oligomers, the structure of PB2 homodimer does not support this idea, as most of the Nand C-terminal residues are not visible in the electron-density map. I Iowever, there is a basic-acidic p-crystallin hetero-oligomer containing PI32 and @A3 that has a higher molecular mass than pH2
homodinier and may be a tetramer [ 43 1. Solution of the crystal structure of PI32 homodimer gave information about a higher level of interaction. Perpendicular to the twofold axis relating the subunits within a dimer are two further crystallographic dyads which relate another dimer, so forming a tetramer with 222 symmetry. This new interface is quite extensive and suggests that at high protein concentration @B2 could form tetraniers. The crystal structure of the PI32 tetrainer can therefore be used for modelling higher-molecular-mass aggregates as two pairs of basic-acidic heterodimers.
It has been known for a long time that pBl is characteristic of the high-molecular-mass population of aggregates, @,-crystallin. An intriguing problem is the role of its long N-terminal extension that contains many Ala-Pro repeats in the bovine sequence reminiscent of some other proteins. The extensions could make specific interactions and be involved in stabilizing the large pH aggregates. I Iowever, these N-terminal sequences in pcrystallins are quite variable. This suggests that they interact mainly with water and act as spacers between aggregates. Any process that changed the length of the arms could then readily alter the average inter-particle distance.
Molecular interactions and cataract
Crystallin interactions that result in refractive-index fluctuations approaching a light-scattering size will lead to cataract. The human lens proteins gradually lose their solubility with age [44] , become conformationally modified during cataract [ 21 and oxidized [45] . The structures of the p,y-crystallins indicate how a basic motif has been used repetitively to form stable globular domains with surface regions that direct the association of domains. It has long been suspected that this level of organization can be disrupted by conformational modifications leading to exposure of the many buried sulphydryl residues in y-crystallins. Recently, the sequence of the pB2 from a Philly mouse that has an inherited cataract was shown to have a deletion of four amino acids, involving some of the most critical residues that stabilize domains [46] . This kind of structural change would lead to hydrophobic core regions being improperly placed and so would result in random aggregation. In addition, the absence of a correctly folded pB2 would lead to further instability, as the remaining p-crystallin polymers are missing a key subunit. The structural studies also reveal the importance of linker regions in domain organization and suggest that the extensions may be involved in higher organization. If the extension regions are relatively solvent-exposed they would be easy targets for enzymic degradation which, while not 
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Retinal photoreceptors contain the visual pigment rhodopsin as the major protein in ordered arrays of receptive membranes. Light absorption drives an enzyme cascade whose products regulate the membrane potential of the photoreceptor cell, giving a rapid response and recovery over a wide range of stimulus intensities. The biochemical link between light absorption and ion flux is the activation of a GTP-binding protein (called transducin in vertebrate rods and cones, and G-protein in other systems) by rhodopsin. G-proteins regulate the activity of effector enzymes that in turn control the concentrations of second-messenger molecules, ultimately setting the cell potential which is conducted to higher-order retinal neurons. The cellular structure of the photoreceptive organelles optimizes photon capture and provides a large surface area on which the enzyme reactions of visual transduction take place. Although these enzyme pathways are universal in eukaryotic cells, only in photoreceptors are they so highly specialized and adapted for one particular response. 
Vertebrate rod outer segments
The biochemistry of visual transduction is very well understood in rod cells, the dim light receptors of the vertebrate retina (for reviews see .
Rhodopsin, a transmembrane protein, is present at extremely high concentration in the outer segment, a highly specialized organelle packed with multilamellar disc membranes. Once excited by absorption of a photon, enzyme binding sites on the cytoplasmic loops of rhodopsin (see Fig. 1 ) become active and stimulate the G-protein, transducin, to exchange its GDP for GTP. This causes the transducin a-subunit to activate a cyclic GMP phosphodiesterase, causing a rapid drop in cyclic GMP concentration. Cation channels in the rod outer segment membrane are opened by cyclic GMP binding, and the effect of light stimulation is to close these channels and therefore hyperpolarize the cell. Because calcium ions leak in through this cation channel in the dark, and they are continually extruded by a sodium-calcium exchanger, a drop in cytoplasmic calcium concentration follows channel closure. The recovery of cation flow and depolarization follows the replenishment of cyclic GMP by guanylate cyclase. This enzyme is stimulated by the calcium-free form of the calcium-binding protein, recoverin [4] . Thus the drop in calcium concentration acts as a negative-feedback signal to restore the cell to its resting (dark) state. By means of the interplay between the cytoplasmic messengers, cyclic GMP and calcium, the membrane potential of the rod is determined by the history of light exposure of the cell.
Rhodopsin
Certain key residues in rhodopsin are preserved throughout the family of G-protein-activating receptors, for which hundreds of sequences are now
